The mechanisms regulating the choice of cell demise remain largely unknown. NAD + , a key metabolite with well-known roles in cell metabolism, has been shown to counteract apoptosis while promoting necroptosis, a form of proinflammatory cell death. This observation identifies NAD + availability as an important parameter with contrasting roles in the regulation of distinct regulated cell death programs.
Regulated cell death represents an important biological response with major roles during development and in tissue homeostasis. Apoptosis, the prototypic and best-known cell suicide program, is often considered a silent form of cell death due to its lack of inflammation and efficient clearance mechanisms. This welldefined mode of destruction is orchestrated by a signaling cascade led by caspases, and is characterized by the integrity of the cell membrane until engulfment by phagocytes, ensuring minimal cytoplasmic release during the cell death process. Similarly ordered forms of cell death, albeit with opposite proinflammatory consequences, are now being recognized in numerous pathophysiologic settings. Morphologically similar to accidental necrosis, most of these forms of cell death share the capacity to release, often as a direct consequence of loss of membrane integrity, intracellular molecules endowed with the capacity to alert the immune system and therefore to initiate an inflammatory response. The signaling cascades regulating these types of necrotic cell death are exceedingly diverse, often ascribed to a particular and welldefined stimulus or cell type, and their identification and descriptions have been abundantly discussed in the literature. Cell demise as a result of metabolic stress deserves particular attention, based notably on its pathologic consequences when proceeding uncontrolled. In particular, death secondary to DNA strand breaks has been ascribed to the excessive activity of poly-ADP ribose polymerase 1 (PARP1), an enzyme that catalyzes the transfer of successive units of nicotinamide adenine dinucleotide (NAD + )-derived ADP-ribose to several nuclear proteins, including PARP1 itself. This post-translational modification has been shown to facilitate DNA repair and protect against moderate genotoxic stress. High levels of DNA damage can, however, lead to a severe depletion of intracellular NAD + pools, a key step that, depending on cell type and metabolic status, can lead to further loss of ATP, reduced mitochondrial function, and release of cell death-inducing factors. Despite some diversity in the signaling pathways at work, loss of intracellular NAD + appears to represent a key step in a growing number of modes of cell death (termed parthanatos, oncosis, or regulated necrosis, depending on cell origin, intracellular mediators, and stimuli). 1,2 Remarkably, a sharp reduction in the intracellular content of an important cell metabolite does not merely cause cell death by "sabotage" (i.e., the inability to sustain basic cellular functions), but rather sets in motion a series of signaling cascades leading to the execution of a well-controlled, regulated cell death response. These observations have led to the concept of NAD + as a "survival factor," endowing cells with the capacity to resist environmental stress in response to oxidative damage (such as increased endogenous reactive oxygen species production) or upon exposure to natural (i.e., ultraviolet irradiation) or pharmacologic alkylating agents. This conclusion has been further strengthened by the discovery that exogenous and endogenous NAD + can also oppose other forms of cell death, including apoptosis.
With these notions in mind, we have undertaken a series of experiments to further assess the putative survival properties of NAD + during necroptosis, a recently uncovered mode of cell death that is of particular interest for human pathology. Necroptosis displays all the hallmarks of regulated cell death characterized by a well-described, caspase-independent, signaling cascade, with a prominent role for the receptor interacting protein kinase 3 (RIPK3) and its substrate mixed lineage kinase like (MLKL) in mediating a form of regulated cell necrosis. Of note, a member of the caspase family (caspase 8) has been identified as a negative regulator of necroptosis, 3 indicating a possible antagonism between apoptosis and this form of regulated cell death. Accordingly, in several experimental settings pharmacologic inhibition of caspase activity shifts the predominant mode of cell death from a non-inflammatory apoptotic mode to necroptosis. This observation has led many authors to propose that necroptosis may represent a back-up cell death mechanism to counteract the antiapoptotic, prosurvival strategy devised by many pathogens, as suggested by several in vivo studies. Alternatively, necroptosis may represent a preferred response that enables dying cells to alert the immune system. Using a well-described in vitro cell line able to undergo both apoptosis and necroptosis in response to extracellular agonists-antibodies to FAS (also known as CD95 or TNFRSF6) and tumor necrosis factor (TNF), respectively-we have recently demonstrated that although intracellular NAD + protects cells from apoptosis and PARP1-dependent necrosis, it is required for and promotes the necroptotic response (Fig. 1) . 4 Thus, and in marked contrast to the widely held view, intracellular NAD + does not act as a "universal" cell survival factor, but rather acts as a key metabolite regulating the choice of cell demise. Intracellular NAD + appears to modulate necroptosis by acting on members of the sirtuin family, a group of NAD + -dependent deacylases with previously described roles in many biological responses including apoptosis.
These observations may bear important consequences for cancer therapy. Indeed, the recently developed concept of "immunogenic cell death" posits that cells dying in a "nonsilent" fashion possess the capacity to inform the immune system of the level of threat caused by cell damage. 5 Shifting the tumor cell death program from a silent (mainly apoptotic) process to a proinflammatory form therefore represents a promising avenue for improving conventional chemotherapy. In this context, the contrasting effects of intracellular NAD + (promoting cell survival in response to genotoxic damage but favoring RIPK3-dependent cell death) suggest caution in devising chemotherapeutic approaches targeting NAD + metabolism. Pharmacologic agents inhibiting NAD + biosynthesis have indeed been shown to synergize with alkylating agents in reducing tumor cell viability. 6 In contrast, pharmacologic and nutritional compounds able to increase NAD + biosynthesis may best support antitumor therapies relying on RIPK3-dependent cell demise. [7] [8] [9] [10] Further studies are therefore warranted to better understand the intricate regulatory pathways linking NAD + to cell survival and death.
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We wish to acknowledge the support of the Belgian Program in Interuniversity Poles of Attraction initiated by Science Policy Programming, Belgium and the Research Concerted Action of the "F ed eration WallonieBruxelles" for financial support. + content and accumulation of PAR polymers; both events contribute to necrotic cell death. NAD + can be replenished via multiple biosynthetic pathways using nicotinic acid (NA), nicotinamide riboside (NR), and nicotinamide (Nam) as starting precursors. In most cells, the conversion of Nam into nicotinamide mononucleotide (NMN) catalyzed by nicotinamide phosphoribosyltransferase (NAMPT) represents a major NAD + biosynthetic step that can be specifically targeted by NAMPT inhibitors such as FK866 or CHS828. NAMPT inhibition often causes an effective reduction in intracellular NAD + concentration, sensitizing cells to most forms of regulated cell death with the notable exception of necroptosis.
